Background. Platelets were recently identified as a part of innate immunity. They are activated by contact with Aspergillus fumigatus; putative consequences include antifungal defense but also thrombosis, excessive inflammation, and thrombocytopenia. We aimed to identify those fungal surface structures that mediate interaction with platelets.
Invasive fungal infections represent a significant determinant of morbidity and lethality in immunocompromised patients [1] [2] [3] [4] . Aspergillus spp. are predominant inducers of these infections, with Aspergillus fumigatus the most pathogenic species [5, 6] . Advanced knowledge about the antifungal immune reaction is urgent needed in order to discover new therapeutic approaches for invasive aspergillosis. In this respect, the innate immunity with its immediate reactions plays a particular role. In the course of invasive aspergillosis, A. fumigatus comes in contact with platelets at different stages. After inhalation and infection of the lung tissue, lung bleeding with hemoptysis is a frequent symptom. Penetration of the fungus into the blood vessels and hematogenous spread throughout the body, giving rise to further intense interaction with the platelets.
Platelets are megakaryocyte-derived cell fragments that are part of the innate immune network [7, 8] . They can bind directly to fungal structures and subsequently undergo activation with membrane alteration, fusion of intracellular granules with the cell membrane, and release of their stored compounds, for example, microbicidal peptides that reduce fungal viability and virulence [9] [10] [11] [12] . Platelet activation also triggers intense cross-talk with other immune cells and consequently modulates the intensity of antifungal immune response. Putative consequences are an efficient antimicrobial defense but also excessive inflammation, thrombosis, tissue damage, and platelet loss [13, 14] .
It is still unknown which surface structures on A. fumigatus conidia and hyphae mediate the interaction with platelets and thus start their activation process. A. fumigatus conidia have a doublelayered cell wall, with the outer layer mainly containing large amounts of melanin [15] . Melanin is a pigment synthesized during conidiation through the dihydroxynaphtalene-melanin pathway [16] . Another conidia-specific component is hydrophobin RodA, which forms a water-repellent surficial monolayer consisting of cylindrical rodlets [17, 18] . Both melanin and hydrophobin also harbor immunological functions: melanin inhibits acidification of conidia-containing phagolysosomes, thus interfering with the endocytosis pathway [19, 20] , and RodA hydrophobin prevents recognition of the conidia by immune cells [18] .
The hyphal cell wall is a polysaccharide-based network with chitin, β-glucan, and galactomannan as major components; being covalently cross-linked, they form a rigid protection layer for the fungal cell. Targeted by the sensing of some innate immune cells [21] [22] [23] , they also represent putative targets for the interaction with platelets. Further polysaccharides complete the sugar repertoire of the cell wall, such as galactosaminogalactan (GAG), a polysaccharide composed of galactose linked to N-acetylgalactosamine. Found both in the cell wall of A. fumigatus and secreted into the hyphal surrounding [24] , GAG has recently been recognized to harbor immunosuppressive and properties, thus diminishing neutrophil infiltrates and promoting fungal development and dissemination [25] .
Fungal surface components are not restricted to hyphae and conidia. In lung aspergilloma, the mycelium of A. fumigatus is surrounded by an extracellular matrix that contains melanin, hydrophobin, glucan, galactomannan, and GAG, which might induce platelet activation. We showed that melanin on A. fumigatus conidia was able to stimulate platelets, whereas the hydrophobin layer masks the conidial surface and prevents its recognition by platelets. For A. fumigatus hyphae, the major cell wall structures chitin, galactomannan, and β-glucan did not harbor any activating properties toward platelets. Instead, the newly identified polysaccharide GAG strongly participates in the interaction between fungus and platelets and thus might modulate the pathogenesis of invasive aspergillosis and the antifungal immune response, with both beneficial and detrimental effects.
MATERIALS AND METHODS

Antibodies and Chemicals
Antibodies and annexin V were purchased from BioLegend, and purified chitin, β-glucan and galactomannan from Sigma Aldrich. Purified galactomannan and β(1,3)-glucan, isolated specifically from A. fumigatus, were a gift from T. F. and J. P. L.
Fungal Isolates and Cultivation
For activation studies with platelets, different A. fumigatus strains were used, isolated from clinical specimens obtained from patients with invasive aspergillosis and various underlying diseases (mainly leukemia). Melanin and hydrophobin studies were performed with American Type Culture Collection 46645 wild-type strain, a pksP mutant encoding a nonfunctional polyketide synthase [26, 27] , and a ▵rodA mutant with a disrupted gene for RodA protein [28] .
Fungi were grown for ≥ 5 days on Sabouraud agar plates (BD Diagnostic Systems) at 37°C until sporulation was sufficient. Conidia were swept off from sporulating colonies with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (Sigma-Aldrich). The conidial suspension was adjusted to a concentration of 1 × 10 8 /mL in PBS and kept at 4°C for up to 1 week. Long-term storage of conidia was done at −80°C in PBS supplemented with 20% glycerol.
Preparation of Melanin Ghosts and GAG
Preparation of melanin ghosts from A. fumigatus conidia was described elsewhere [29] . Briefly, 2 × 10 9 conidia were washed with PBS, the walls were digested overnight with 10 mg/mL of the enzyme extract Glucanex (Sigma-Aldrich) in 0.1 mol/L sodium citrate and 1 mol/L sorbitol ( pH 5.5) at 30°C. The generated protoplasts were incubated with 4 mol/L guanidine thiocyanate solution (Sigma-Aldrich), overnight at room temperature. After washing with PBS, dark particles were treated with 1 mg/mL proteinase K from Tritirachium album (Boehringer Mannheim) in 10 mmol/L Tris, 1 mmol/L calcium chloride, and 0.1% (wt/vol) sodium dodecyl sulfate overnight at 37°C. Particles were washed again and boiled in 6 mol/L hydrochloric acid for 1.5 hours to obtain melanin ghosts, which were separated by centrifugation with Ultrafree-MC Centrifugal Filter Units with Microporous Membrane (Millipore) and washed extensively with PBS. After lyophilization, melanin ghosts were resuspended in PBS. GAG was prepared as described elsewhere [25] . Briefly, A. fumigatus was grown in a fermenter, and the fungal mycelium was removed by filtration under vacuum. The supernatant was precipitated with 2.5 vol. of ethanol overnight at 4°C. The pellet was collected by centrifugation (3000g for 10 minutes), washed twice with 2.5 L of 150 mmol/L sodium chloride, and then extracted with 8 mol/L urea (2 hours at room temperature with constant shaking, performed twice). Urea supernatants (urea-soluble galactosaminogalactan [SGG]) were pooled, extensively dialyzed against water, and freeze-dried. This SGG fraction was chemically characterized as pure GAG and used for all further experiments.
Preparation of Protoplasts and Cell Wall Component Mixture
Preparation of a mixture of all hyphal cell wall components was done as described elsewhere [30] . Sabouraud dextrose medium (BD Diagnostic Systems) was inoculated with 1 × 10 6 /mL A. fumigatus conidia and incubated at 37°C for 20 hours. Mycelium was harvested by vacuum filtration, washed twice with sterile distilled water, and blotted dry with sterile filter paper. Then 1.5-2 g of the pellet was resuspended in 15 mL of protoplasting buffer, containing 450 mg of the enzyme extract Glucanex and 15 mL of lysis buffer (50 mmol/L monopotassium phosphate, 50 mmol/L dipotassium phosphate, and 50 mmol/L potassium chloride; pH 5.8), for 3-3.5 hours at 28°C. After 2 washing steps with a 0.7 mol/L potassium chloride solution and centrifugation (2000g at 4°C for 12 minutes), protoplasts were counted microscopically and stored in a concentration of 2 × 10 6 /mL in 1 mol/L sorbitol until further use within 1 hour after preparation. The supernatant containing all cell wall components was quantified.
For some experiments, different amounts of cell wall components were further digested for 1 hour with 0.5 U/mL of a protease mixture of Streptomyces griseus, containing a broad spectrum of proteolytic activities (Sigma-Aldrich). This mixture was inactivated by a protease inhibitor cocktail (Roche) before the platelets were added.
Platelet Isolation and Detection of Activation
Human platelets were collected from healthy blood donors and prepared as concentrates by thrombocytapheresis with Amicus cell separator (Baxter) by the Department of Immunology and Blood Transfusion at Innsbruck Medical University The platelet number was routinely determined with a hemocytometer and adjusted to a concentration of 1.2-1.4 × 10 9 /mL. Platelets were incubated in Roswell Park Memorial Institute 1640 medium (Sigma-Aldrich), thrombin (Sigma-Aldrich) as a positive control, and a 10-fold excess of fungal conidia or hyphae derived thereof, respectively, for 90 minutes at 37°C. Each sample was assessed in triplicate. Platelet activation was examined by detection of different platelet activation markers, using a FACSCanto flow cytometer (BD Diagnostics). Platelets A, Binding of platelets to the clinical isolate A22 was visualized with electron microscopy; filled white arrowheads: platelets; empty arrowheads: conidia. B, Platelet activation was assessed by fluorescence-activated cell analysis of CD62P. C, Aggregation of platelets was measured after addition of A. fumigatus A22 conidia; thrombin receptoractivating peptide (TRAP) was tested as a positive control. Experiments were repeated 3 times with triplicate samples using platelets from different donors; representative results are shown. *P < .05; † P < .01; ‡ P < .005.
were gated by forward and sideward scatter properties and with a fluorescein isothiocyanate (FITC)-conjugated antibody against the platelet marker CD41 (BD Biosiences). Secretion of alpha granules and dense granules during platelet activation results in surface exposure of CD62P and CD63, respectively, and was detected by using a phycoerythrin (PE)-conjugated monoclonal antibody (BioLegend). Briefly, platelets were fixed after activation for 30 minutes at room temperature with 1% formalin, washed by centrifugation at 1066g, incubated for 30 minutes with the antibody, washed again, and subsequently analyzed with flow cytometry. Phosphatidylserine exposure on the surface was used as another platelet activation marker [30] . For this assay, platelets were incubated with FITC-conjugated annexin V (annexin V-FITC apoptosis detection kit I; BD Pharmingen), according to the manufacturer's instructions, and subsequently analyzed with flow cytometry.
To quantify the interaction of platelets with particles, platelets were stained with a PE-conjugated antibody against CD41; either medium or increasing concentrations of GAG (ureasoluble SGG fraction) were added to the stained platelets, together with a 10-fold excess of FITC-labeled latex beads (Sigma-Aldrich). After 60 minutes of incubation, the platelets were fixed with 1% formalin, and CD41-positive platelets that were also positive for FITC were measured with flow cytometry.
Fluorescence Microscopy and Scanning Electron Microscopy
For fluorescence microscopy, human platelets stained with PElabeled antibody directed against major histocompatibility complex class I were incubated with A. fumigatus hyphae as 1000-fold excess regarding the germinated conidia. After 90 minutes, the samples were washed twice and embedded in mounting medium containing 4′,6-diamidino-2-phenylindole dihydrochloride (Sigma-Aldrich).
For electron microscopy, fungal conidia or hyphae were incubated with a 10-fold excess of platelets for 90 minutes. The samples were washed with PBS and fixed in glutaraldehyde (2.5%, vol/vol in 0.1 mol/L phosphate buffer; pH 7.4). After a brief Figure 2 . Platelet binding and activation is induced by conidial melanin. A, B, Antibody-labeled human platelets were incubated for 90 minutes with a preparation of melanin ghosts at increasing ghost-platelet ratios. The percentage of platelets bound to the melanin ghosts (A), and the activation of platelets, as shown by CD62P exposure (B), were determined with flow cytometry. C, Platelets were incubated for 90 minutes with conidia of Aspergillus fumigatus wild-type (wt) isolate or of the ▵pksP mutant lacking melanin; platelet activation (CD62P) was measured with flow cytometry. D, Aggregation of platelets was measured after addition of wt or ▵pksP conidia; thrombin receptor-activating peptide (TRAP) was used as a positive control. Experiments were repeated 3 times with triplicate samples using platelets from different donors; representative results are shown. *P < .05; wash in PBS, the samples were gradually dehydrated with ethanol, followed by critical point drying (CPD 030; Bal-Tec), sputter coating with 10-nm gold-palladium (Bal-Tec), and examination with a field emission scanning electron microscope (Gemini 982; Zeiss).
Platelet Aggregation
Platelet aggregation was recorded for 10 minutes after addition of either conidia (1:1) or 32 µmol/L thrombin receptoractivating peptide 6 (Hart Biologicals) as a positive control, using an APACT4004 aggregometer (LabiTEC), as described elsewhere [31] .
Statistical Analysis
All assays were performed with 3 platelet concentrates in triplicates. Results presented are the means and standard errors from 1 representative experiment. Statistical analyses were performed using the Student two tailed t-test with GraphPad Prism software version 6. Differences were considered statistically significant at P < .05.
Ethics Statement
Human platelet concentrates were collected from healthy blood donors by the Department of Immunology and Blood Transfusion at Innsbruck Medical University. All adult donors provided written informed consent. According to the local ethics commission of the Medical University of Innsbruck, there is no need for a further ethical permission, because all samples were fully anonymized.
RESULTS
Effective Binding and Activation of Human Platelets by A. fumigatus Conidia
Freshly isolated human platelets were incubated with conidia of 10 clinical isolates of A. fumigatus, derived from patients with proven invasive aspergillosis. Electron microscopy analysis visualized adhesion and flattening of the platelets on the conidial surface ( Figure 1A ). The contact with conidia of all clinical isolates triggered activation of the platelets and significantly up-regulated the activation marker CD62P on the platelet membrane compared with the mock-treated control samples ( Figure 1B) . The variation between the isolates is rather low, indicating that the capacity to stimulate platelets is a common property of A. fumigatus conidia. To evaluate whether conidia-induced platelet activation might result in thrombus formation, we measured aggregation of the platelets. Although slower than with the positive control thrombin receptor-activating peptide, A. fumigatus conidia markedly induced aggregation of the platelets ( Figure 1C ).
Melanin and Hydrophobin as Conidial Surface Structures That Influence Platelet Activity
To evaluate the role of melanin in conidia-induced platelet stimulation, we generated melanin ghosts (ie, the purified melanin envelope of conidia). These melanin ghosts efficiently bound to human platelets in a ratio-dependent manner (Figure 2A) . Analysis of the activation marker CD62P indicated that this interaction caused stimulation of the platelets ( Figure 2B ). To Figure 3 . Conidial hydrophobin layer protect against platelet activation. A, Human platelets were incubated with conidia of Aspergillus fumigatus wildtype (wt) isolate or of the ▵rodA mutant without hydrophobin; different conidia-platelet ratios were used. B, Conidia of A. fumigatus isolates A14 and A22, either in a resting state or after swelling for 4 hours, were added to platelets (ratio, 15:1). Platelet activation (CD62P) was measured after 90 minutes with flow cytometry. Experiments were repeated 3 times with triplicate samples, using platelets from different donors; representative results are shown. *P < .05; † P < .01; ‡ P < .005.
further confirm a role of melanin in platelet stimulation, the effect of conidia from A. fumigatus wild-type strain was compared with that of conidia from a ▵pksP mutant lacking melanin biosynthesis. The ▵pksP conidia were significantly less able to activate platelets than the wild-type conidia ( Figure 2C) . Similarly, conidia of the ▵pksP mutant were unable to induce platelet aggregation, whereas addition of the wild-type conidia clearly triggered this process ( Figure 2D ).
To study a putative effect of the conidial hydrophobin layer on thrombocytes, we incubated platelets either with wild-type conidia or with conidia of the ▵rodA mutant that lacks the hydrophobin RodA. The ▵rodA conidia were more potent in activating platelets than wild-type conidia, as shown by the significantly higher CD62P signal on their surface ( Figure 3A) . Because this result indicates that the rodlet layer masks plateletactivating compounds on conidia, we checked this hypothesis by comparing resting and swollen conidia of wild-type isolates.
Incubation with swollen conidia, when the outer rodlet layer is markedly softened and thinned, induced a more prominent increase of CD62P on platelets than resting conidia ( Figure 3B) ; this result was the same for both tested clinical isolates.
Platelet Binding to and Activation by A. fumigatus Hyphae
We tested whether, besides conidia, fungal hyphae can also bind platelets and contribute to their activation. Binding studies by fluorescence microscopy revealed that the majority of A. fumigatus hyphae were studded with platelets; in some areas, platelet aggregates could be detected ( Figure 4A ). Electron microscopy confirmed the binding with clear aggregate formation ( Figure 4B, left) , shape change, and flattening ( Figure 4B, right) of the platelets.
Quantification of platelet attachment to Aspergillus hyphae and of subsequent activation cannot be performed by flow cytometry. To circumvent this experimental difficulty, we prepared a mixture of hyphal cell wall components by enzymatic For fluorescence microscopy, platelets were labeled with a phycoerythrin-conjugated anti-major histocompatibility complex class I antibody, and hyphae were stained with 4′,6-diamidino-2-phenylindole dihydrochloride. C, To examine activation, platelets were incubated with increasing amounts of an enzymatic preparation containing all hyphal cell wall compounds of A. fumigatus; activation was measured after 90 minutes by quantifying CD62P with flow cytometry. D, Protoplasts were generated by enzymatic digestion to remove cell wall, and given to the platelets either directly or after incubation for 2 or 5 hours to allow wall regeneration; platelet activation was measured after 90 minutes by quantifying CD62P. Experiments were repeated 3 times with triplicate samples, using platelets from different donors; representative results are shown. *P < .01; † digestion. Different concentrations of this mixture were incubated with the platelets, followed by analysis of their activation. Results showed that even 1 µg/mL of the cell wall components was sufficient to induce a significant increase in the CD62P signal ( Figure 4C ).
To further localize the platelet-activating components within the hyphal cell wall, we prepared cell wall-free fungal protoplasts and added them to the platelets. Even in the absence of any cell wall, the hyphal cells were able to slightly but significantly stimulate the platelets; by regeneration of the cell wall, their ability to activate platelets increased in a time-dependent manner ( Figure 4D ), indicating that the outer wall layers are the predominant inducers of platelet stimulation. Longer regeneration times had no additional effect (data not shown).
Identification of Hyphal Cell Wall Components That Interact With Platelets
The next aim was to identify those compounds in the cell wall mixture that are responsible for platelet stimulation. To differentiate between a proteinaceous and a polysaccharide factor, the mixture of cell wall compounds was added to the platelets either directly or after pre-incubation with a protease mixture. Quantification of CD62P as activation marker revealed no reduction of platelet activation by the protease treatment ( Figure 5A ), indicating that a wall polysaccharide rather than a protein activates the platelets.
Purified polysaccharides were used to further identification studies. Galactomannan was unable to increase the CD62P signal on the platelets, even at a concentration of 100 µg/mL ( Figure 5B ). Similarly, neither increasing concentrations of chitin nor increasing concentration of β(1,3)-glucan could induce any platelet activation ( Figure 5C and 5D) .
In contrast, incubation with the purified polysaccharide GAG (urea-soluble SGG fraction) led to stimulation of the platelets. A significant effect on alpha granule release was visible with 30 and 100 µg/mL ( Figure 6A) , and a significant release of dense granules and CD63P exposure was induced even with 10 µg/ mL ( Figure 6B ). Furthermore, 30 and 100 µg/mL of GAG were able to cause membrane alteration and exposure of phosphatidylserine, which represents another characteristic of platelet activation ( Figure 6C ). To assess the antimicrobial activity of GAG-stimulated platelets, latex beads were added to simulate the presence of foreign particles together with the GAG preparation. A concentration as low as 10 µg/mL was sufficient to efficiently up-regulate the percentage of platelets interacting with the latex particles ( Figure 6D) . A comparison between the minimal GAG concentrations necessary to induce the different effects ( Figure 6A-D) revealed that increased interaction with latex beads is the process during activation that reacts most sensitively to the presence of GAG and thus might be independent from the other activation-induced platelet modifications. Furthermore, it follows different kinetics because the maximal concentration already induces a suboptimal effect.
DISCUSSION
Platelets were recently shown to sense the presence of secreted fungal compounds as well as of fungal surfaces, and they subsequently exert an immune reaction by undergoing activation and delaying fungal germination and hyphal growth [32] [33] [34] . Besides the direct antifungal effect, platelets form an interactive network with cellular and soluble immune weapons and modulate their reactivity [8] . On the other hand, platelet activation might become excessive, causing inflammation-induced tissue damage and thrombosis, which represent hallmarks of fungal pathogenesis. These characteristics imply that fungus-induced platelet activation might be a crucial process in the course of invasive aspergillosis. However, despite the relevance of plateletAspergillus interaction, those surface components of Aspergillus conidia and hyphae that trigger platelet activation had not been identified so far. The relevance of this identification is underlined by the fact, that many fungal surface compounds (eg, melanin, hydrophobin, and GAG) are also part of the extracellular matrix that surrounds the fungal hyphae in the lung of patients with aspergilloma [35, 36] .
Our studies demonstrated that A. fumigatus conidia bind and activate platelets, lead to their aggregation, and might thus enable their immune functions, but they also contribute to thrombosis, a hallmark of invasive fungal infections. The pigment dihydroxynaphthalene melanin, which provides the conidia with their characteristic color and protects them against UV radiation, oxidation, and high temperatures [37] , has been reported to interfere with host immune defense by inhibiting the acidification of phagolysosomes in macrophages and neutrophils [19, 20] . We could broaden the role of melanin in immune modulation by showing that this pigment contributes to platelet activation and induction of granule release. Interestingly, the effect of melanin is opposite for different innate immune cells: whereas melanin suppresses the immune reaction in phagocytes, it activates platelets. This difference emphasizes the relevance of platelets, which can exert an antifungal reaction under conditions when other innate immune cells are inhibited.
Another typical conidial structure, the hydrophobin rodlet layer, has the opposite effect on platelets from melanin and interferes with their stimulation. The role of hydrophobin in conidial masking and fungal immune evasion was already described for dendritic cells and alveolar macrophages and was confirmed in vivo by a mouse infection model [18, 38] .
We also demonstrated binding of platelets to fungal hyphae with subsequent shape change and activation. Protoplast experiments with regenerating cell walls demonstrated that, in contrast to conidia, hyphae are not masked and the outer layer has the most capacity to induce platelet activation. The minor importance of fungal cell wall proteins for platelet interaction draws attention to the wall polysaccharides.
Chitin, galactomannan, and β(1,3)-glucan did not participate in platelet stimulation by the hyphal cell wall compounds, as shown by experiments with the purified polysaccharides. Instead, the heteropolysaccharide GAG was able to induce the secretion of both alpha and dense granules and to alter the platelet cell membrane, as shown by tests with urea-soluble SGG fraction of purified GAG. Furthermore, platelets became more able to interact with foreign particles after incubation with the GAG polysaccharide. GAG is secreted by A. fumigatus and also remains associated with the fungal cell wall [25] . Interestingly, its effect is as contradictory as for melanin: platelets react to the contact with stimulation, whereas it diminishes neutrophil infiltration in mice [25] . The immunosuppressing effect of melanin and GAG on neutrophils and/or macrophages versus the activating effect on platelets raises the question of which effect predominates in the course of infection in vivo; further studies will help find an answer. Because thrombocytopenia has been recognized as a risk factor for invasive aspergillosis [39, 40] , it is vitally necessary to further clarify the precise role of platelets in fungal infections.
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